Low temperature thermoluminescence spectra of zinc oxide single crystals are presented in this paper. The signals can be interpreted in terms of annealing and inter-conversion of oxygen vacancy sites. Minor differences between signals from different suppliers suggest such vacancies are perturbed by association with complexes and impurities. Significant changes of bulk signals result from high dose surface ion implantation. This is an important demonstration of extremely long range effects resulting from ion implantation into the surface layer. Such extensive changes have rarely been considered, or experimentally sought. It is therefore fortunate that for ZnO the thermoluminescence signals offer a sensitive probe to monitor this phenomenon.
I. INTRODUCTION
ZnO is a wide bandgap II-V semiconductor with diverse potential value for piezoelectric, transducer, varistor, phosphor and transparent conducting film applications. [1] [2] [3] It is an effective light emitter, even for blue and UV lasers, [4] [5] [6] and it exhibits large optical nonlinearities as a result of the flexibility of the lattice. ZnO has also been shown to be an effective host for nanoparticle formation following ion beam implantation. Consequently, there have been many measurements of optical absorption, luminescence and electron spin resonance (EPR) to try to understand the intrinsic and impurity defect sites that control such properties. [7] [8] [9] [10] [11] Nevertheless control of purity and crystal growth quality is still at a modest level, and many of the studies of ZnO have been with nonstoichiometric thin film layers. Hence there is an inevitable divergence of defect sensitive phenomena in the literature and the understanding of details of the properties of the intrinsic defects related to luminescence is still speculative. 12 Indeed, conclusions obtained by different research groups are disparate and controversial. 13 Realistically the only general agreement is that oxygen vacancies exist in high concentrations and these are undoubtedly linked into many of the emission properties.
One of the less exploited optical techniques for such defect studies has been collection of spectrally resolved low temperature thermoluminescence (TL) data. The TL is sensitive to small defect concentrations; it can resolve annealing stages via a series of glow peaks, and it provides spectral discrimination of different recombination sites. We have used such low temperature TL with ZnO, both with crystals from different suppliers, and after the surface has been ion implanted. The most surprising result arising from implantation was that the bulk TL signals, induced by x ray excitation at 25 K, were dramatically altered by the surface implants. 14 We therefore argued that the stress fields generated in the implant layer by high dose implants cause a bulk relaxation of the entire sample. This is an unusual proposal, but ZnO has a readily deformable lattice, as evidenced by the optical linear responses. The concept is not without precedent, as for strontium titanate there is unequivocal evidence for bulk relaxations and phase transitions triggered by surface implants. [15] [16] [17] The current article considers if the modified TL signals can be correlated with discussions of vacancy and other defect sites in the ZnO.
II. MATERIALS AND METHODS
ZnO samples were obtained from two different sources, namely the Shanghai Institute of Optics and Fine Mechanic in China and Juelich Laboratories in Germany. High dose Cu and Tb implants were made with a high current implanter in Juelich, (e.g., as detailed in Ref. 18 ) at an energy of 400 KeV to doses up to 2.5 Â 10 16 ions/cm 2 for Cu and to 2 Â 10 17 ions/cm 2 for Tb. The low temperature TL system has been described earlier (e.g., Refs. 19 and 20) . It is wavelength multiplexed and all the data presented are after spectral correction for the wavelength dependent sensitivity of the entire system. The temperature range was from 25-280 K. Excitation was throughout the entire sample with 25 KeV x rays at 25 K with a dose of 5 Gy. A 6 K/min heating rate was selected to avoid temperature gradients across the samples. During TL the implant faces were adjacent to the heater plate to avoid changes in the TL spectrum by absorption in the implant layer.
III. RESULTS

A. TL of the original ZnO crystals
An overview of the low temperature thermoluminescence (TL) spectra of a nominally pure German ZnO crystal is shown in Fig. 1 isometric plot of Fig. 1(a) . The contour map of Fig. 1(b) more clearly indicates that the higher temperature emissions occur at different temperature for short and long wavelength signals. (Such discrimination is well defined because the data collection is with a wavelength multiplexed detector with a temperature bandwidth of $1 degree.) More detailed examinations show the emission spectra vary with temperature over the entire temperature range, and three different temperature examples are shown in Fig. 1(c) . Numerous bands and shoulders are apparent in these spectra, and appear in both Chinese and German original samples (albeit with minor variations). The changes with temperature are particularly noticeable for the longer wavelengths where the envelope centered near $670 nm is replaced with structure at $730 nm by $150 K and these "red" emission bands reveal TL glow peaks are not coincident in terms of temperature but differ here by $10 degrees.
Luminescence signals are excellent indicators of variations between materials of different origin (i.e., impurities, intrinsic defects and growth conditions) and some small differences are apparent between the German and Chinese material. Changes in the thermoluminescence peak temperatures (T max ) indicate differences in trapping energies for charge release, and Fig. 2 compares the TL curves for summations of the signals in the bands in the green to orange region with those in the red end of the spectrum. The detailed shapes of the lower temperature peaks differ somewhat for ZnO from the two suppliers, but the main peak is near 40 K in each case. By contrast the higher temperature features not only have temperature displacements between the green/orange and red emission bands (of between 14 to 18 degrees), but the form of the TL plots differ in terms of relative intensity of the components. There are minor displacements of the T max values.
B. TL from Cu and Tb implanted ZnO crystals
After surface ion implantation the TL from the ZnO crystals is dramatically altered as shown by the isometric plot of Fig. 3(a) for Cu implanted ZnO. (A different perspective from Fig. 1(a) has been chosen in order to reveal the weak lower temperature red emission). There were only minor differences between samples with Cu or Tb implants and a contour map for a Tb implanted sample is shown in 3(b) . In each case the dominant low temperature near 40K [as in Fig. 1(a) ] has been removed. The red signals drift further toward the red on increasing temperature, and the higher temperature glow peaks have clearly distinct T max values for short and long wavelength emission bands.
An attempt to recover the original signals was made by annealing a Cu implanted ZnO sample at 1000 C. This was partially successful in that signals reappeared at the lowest temperature, as shown in Fig. 4 . There are similarities with the unimplanted material, but also the development of a new complex band of emission signals over a wide spectral and temperature range. These data will not be discussed in detail here.
IV. DISCUSSION
High dose ion implantation of either Cu or Tb into the surface of ZnO has modified the emission spectra of TL from the bulk material and changed the temperature of the glow peaks. Since the implant layer is less than 0.1% of the crystal volume, and the unimplanted face is directed toward the luminescence detectors, the obvious conclusion is that the implant stresses have caused a relaxation and distortion of the bulk ZnO.
14 The changes were not sensitive to the choice of implant ion. Therefore, one assumes the TL signals are controlled by intrinsic defects and the changes result from distortions of these trapping and luminescence sites.
Changes in a glow peak temperature T max with distortion of the lattice are expected since the binding energy for an electron to escape from a charge trapping site is altered by distortions and changes in lattice parameter. Related T max shifts occur when there is association with nearby impurities, or other intrinsic defects and complexes. Such effects are well documented for many materials. 21 Indeed with the same equipment we have monitored a progressive shift in the intrinsic TL peak near 128 K for LaF 3 which, when doped with rare earth ions moves toward 141 K. The peak shifts are in proportion to the size distortion of the rare earth impurity ion. 22 Site distortions have significant effects on both optical absorption and luminescence decay. For example, in quartz, silica and silicates there are numerous variants of the oxygen vacancy site. In emission terms their spectra can differ because of stress or adjacent impurities and examples of the perturbed vacancy site emission in silicates range from $340 to 540 nm. TL does not have the resolution of the site selective spectroscopy methods, thus if there are many variants of vacancy sites the current ZnO data will show a multiplicity of overlapping emission bands and deconvolution of them is unrealistic.
Nevertheless, the ZnO literature includes both optical and EPR suggestions as to the structure of vacancy related defects and we can therefore seek some correlations between the TL data and the earlier literature. Two major intrinsic defects have been considered as possible charge donor sources in ZnO. These are the oxygen vacancy (V O ) and interstitial zinc (Zn i ). 23, 24 It is usually accepted that zinc interstitial is a shallow donor. 11, 25 For the present data the TL signals near 30 to 50 K might therefore originate by charge liberated from zinc interstitials as one cannot exclude the possibility that zinc interstitials are formed by radiolysis during the 25 K x ray treatment that energises the subsequent TL. Long range migration of interstitials is not required, merely local relaxation. In the literature of radiation damage, interstitial migration is typically below 50K, which would not be inconsistent with the temperatures for the first set of glow peaks.
Since ZnO crystals are thought to have a high vacancy concentration, and some nonstoichiometry, attention must focus on the possible oxygen vacancy sites and their complexes with other defects and impurities. Some theoretical studies claimed that V O has relatively deep energy levels and may be responsible for the green emission in ZnO. Such a deep level excludes the possibility of V O being the dominant origin of the relatively high residual electron concentration. However, the recent study by Sun 26 showed that V O -related defects have been attributed to the dominant donor source in ZnO which allows us to focus on oxygen vacancies inside ZnO.
In ZnO, there are three possible types of charged state: 0, þ1 and þ2 denoted as V O , V O þ , V O 2þ , respectively. Some calculations say that the neutral oxygen vacancy is the stable form, but other authors have thought the positive oxygen vacancy is the most stable state, and it acts as the major donor. Both conclusions claim to have experimental support. [27] [28] [29] Additionally, it was reported by Van de Walle that the þ charge state can be generated by the excitation with light, but it is a metastable state. 30 In our TL measurements there is considerable low temperature ionisation (5 Gy) so metastable states can both be formed and retained at 25 K. Once generated, V O þ does not immediately decay into the 2þ or 0 charge states, since there is an energetic barrier between them. But once the excitation is removed and the temperature is raised, the EPR signals related to the V O þ can decay. His research confirmed that the V O þ is not a thermally stable state but instead it will decay into other states. Further, Vanheusden et al. had a similar viewpoint. 8 In their research they showed that the V O þ can decay into V O by trapping an electron and the energetic barrier is around 0.3 eV. The same conclusion was also reported in other work. 31 Thus, the decay of the V O þ might be attributed as a major intrinsic feature appearing in TL of ZnO.
In order to correlate this with a TL event we assume that the same activation energy would be involved in both cases. With the complexity of spectra and TL peaks shown in say Fig. 1(a) a detailed activation energy analysis is unrealistic, but in the TL literature a very tolerable estimate can be made by assuming the process requires around 25k T max . A thermal anneal with activation energy of $0.3 eV would therefore imply an associated TL peak at 150 K (i.e., precisely in line with our upper band of TL signals). The fact that we observe the bands from green to orange and a separate set of red bands ($670 nm), which then in turn convert to red features around 730 nm would be consistent with conversions between the various oxygen vacancy states. We assume the V O þ must be produced by the x ray irradiation at 25 K and it becomes unstable when the temperature is raised. Around 150 K the V O þ decays into V O . The redshift feature may then represent the further relaxation of V O associated with impurities.
In implanted ZnO samples long range stress will slightly modify and distort the vacancy centers and so the emission signals will differ in relative intensity, but they will appear at comparable temperatures (as observed). Association of vacancy sites with extrinsic impurities may well be relevant for the changes in peak temperature of the red signals since, although both German and Chinese samples showed such effects, the magnitude and absolute temperature changes were dependent on the source material. Hence an impurity linked variant of the vacancy sites seems a possibility.
One should note that in the previous literature some authors assigned oxygen vacancies only to "green" band emission. This is not necessarily in conflict with the present proposal as emission at the original vacancy site may include such decay paths. However, the longer wavelength emission bands, particularly those near 670 nm and 727 nm, are rarely mentioned. In part, such differences in discussion may be related to experimental procedures. We have used red sensitive photocathode detectors and corrected the observed signals for the wavelength dependence of the entire data recording system (i.e., detector and spectrometer). Failure to do this, or the use of nonred sensitive photomultipliers, can skew the appearance of the spectra so that the red signals would be overlooked.
V. CONCLUSION
Low temperature TL spectra of ZnO have features which can be correlated with information on annealing and inter-conversion of charge trapping oxygen vacancy sites. A competition exists between two emission bands near 150 K. It appears in all the samples and is unrelated to the sample origin and implantation. Our initial suggestion is that it might be the evidence of the decay of the V O þ to V O defect sites. The minor differences that exist between ZnO from different suppliers are considered to be evidence of association and interaction of the vacancies with close neighbor defect sites.
There are surprisingly large changes in the TL signals from the bulk material induced by high dose surface implants. The new TL responses are consistent with a model whereby the stress induced by the implants causes a relaxation of the bulk material, and a consequent distortion of the intrinsic vacancy sites.
